Parkinson's disease (PD) is the most common neurodegenerative movement disorder. The clinical syndrome of PD is typically associated with neuronal loss in the substantia nigra and inclusions containing the synaptic protein α-synuclein (α-syn) in the cell bodies and processes of surviving neurons (known as Lewy bodies and Lewy neurites, respectively) in this region. However, PD is now recognized as being a more complex clinicopathological entity. Many individuals with PD have widespread α-syn pathology in the brain. Moreover, most patients with this condition exhibit some level of cognitive dysfunctionincluding dementia (PD dementia (PDD)) -during the natural course of their illness (see REF. 1 for a detailed review on the history of the major developments in PD research).
in the absence of a functional deficit that is sufficient for the diagnosis of dementia) is a common feature of PD and may be a natural consequence of end-stage disease [2] [3] [4] , as the overall prevalence of cognitive impairment in PD is roughly 30% 3, 5 , and approximately 80% of longitudinally followed patients with PD develop dementia over the course of their disease 2, 3, 6 . It is estimated that the incidence rate of dementia in patients with PD is at least fourfold higher than it is in the general population 3, 5, 7, 8 . In addition, cognitive dysfunction that does not meet the threshold for dementia can be present early in the disease course, with cognitive deficits seen in up to 24% of patients at the initial diagnosis of PD 9 . Furthermore, patients with PDD experience dementia for an average of 3-4 years during their disease course 4 . Thus, including the period of cognitive dysfunction before progression to PDD, many patients with PD show cognitive deficits for the majority of their illness duration. This fact has implications for patient quality of life, public health and the cost of care.
Cognitive difficulties can exacerbate the disabilities caused by motor symptoms in PD. Indeed, the presence of cognitive impairment or dementia in patients with PD is associated with a loss of independence, a lower quality of life and a reduction in survival time 10, 11 . Furthermore, individuals with end-stage PD who develop dementia often exhibit a decline in function that follows a stereotypical pattern, indicating that dementia onset may , but it can be associated with difficulties in sentence processing, which are also related to executive dysfunction 13 . Some researchers propose that executive difficulties in PD are an early phenomenon of altered dopaminergic tone in the frontal cortex, whereas deficits in visuospatial functioning and semantic memory correspond to the later neuropathological involvement of the temporal and parietal cortices, and that these 'posterior symptoms' confer an increased risk of PDD 8 . The recognition of cognitive symptoms in PD has led to the recent development of clinical criteria for PDD 5 and mild cognitive impairment (MCI) in PD (PD-MCI) 12 
. These formalized criteria will facilitate the earlier detection and better characterization of cognitive impairment in PD and will allow detailed comparative studies to be conducted in the future.
There is some similarity between the cognitive symptoms of PDD and Alzheimer's disease (AD), but patients with PDD may be differentiated from individuals with AD by the presence of hallucinations, cognitive fluctuations, depression and sleep disturbance 14 . By contrast, the cognitive features of PDD are similar to and often indistinguishable from the clinical syndrome of dementia with Lewy bodies (DLB) 5, 14, 15 . The research criteria for DLB make a somewhat arbitrary distinction between these two entities, with a diagnosis of DLB being assigned to patients with an onset of dementia within 1 year after the onset of motor symptoms and PDD being assigned to individuals when dementia occurs more than 1 year after PD onset 16 . The underlying pathophysiology responsible for the different chronological patterns for the emergence of dementia in these clinical syndromes is a matter of intense research and continued debate 14 .
Patients with PD may have neuropsychiatric symptoms, including depression, anxiety, apathy, hallucinations and delusions 5 . Furthermore, some individuals may exhibit an impulse control disorder that is characterized by compulsive gambling, eating, purchasing, sexual behaviour and/or a dopamine dysregulation syndrome 17 . The aetiology of impulse control disorders in PD is thought to be due to stimulation of hypersensitive ventral striatal-frontal connections by dopaminergic therapy rather than a direct consequence of the neurodegenerative process that is specific to PD and PDD 17, 18 .
Clinical risk factors for PDD.
Identification of clinical features that may predict impending cognitive decline in PD is of interest for clinical practice and disease management. Age is the most prominent risk factor for PDD 4, 7, 8, 19 . The increased risk of dementia with age has been dissociated from the potential influence of age of PD onset 20 ; in other words, patients with PDD have a similar age of dementia onset regardless of when they first present with motor symptoms 4 . Studies show that cognitive impairment in PD also correlates with the severity of motor disability 21 and that the effects of ageing on cognition may be additive to the severity of the motor disturbance 7 . Other factors and disease features linked to PDD include male sex 22 , low education 22 , visual hallucinations 3, 4, 15 and prominent axial rigidity and bradykinesia relative to tremor 3, 5, 23 . , has also been associated with an increased risk of developing dementia.
The pathogenesis of PD Role of Lewy bodies and Lewy neurites. α-syn is a 140-amino-acid presynaptic protein that is involved in vesicular transport. This protein was implicated in the pathogenesis of PD when pathogenic mutations in SNCA (which encodes α-syn) 25, 26 and, later, multiplications of this gene 27 were linked to hereditary forms of this disease. Some of these genetic abnormalities may increase the propensity of α-syn to fibrillize in vitro 28 . Thus, molecular changes in the α-syn protein that increase protein misfolding and aggregation have a direct role in disease pathogenesis. The initial discovery of SNCA mutations was closely followed by evidence from post-mortem studies of PD and DLB brains that the characteristic Lewy bodies and Lewy neurites visualized through immunohistochemical methods using α-syn-specific antibodies were composed mainly of insoluble, fibrillar forms of α-syn 29 . Several experimental models support a role for α-syn aggregation in neurodegeneration. For example, overexpression
Box 1 | Clinical criteria for PD-MCI and PDD
Recent clinical criteria have been proposed to improve the detection and characterization of Parkinson's disease (PD) dementia (PDD) and PD with mild cognitive impairment (PD-MCI). Both sets of criteria require the establishment of a diagnosis of PD according to the UK Brain Bank Criteria 153 and a subsequent gradual decline in cognitive ability. The PDD criteria also specify that an individual will have deficits in multiple cognitive domains and show the subsequent emergence of functional impairments, whereas individuals with PD-MCI are, by definition, functionally independent 5, 12 . The criteria for PD-MCI include two possible levels of assessment based on the availability of formal neuropsychological testing and allow subtyping according to the involvement of single cognitive domains (PD-MCI single domain) or multiple cognitive domains (PD-MCI multiple domain) 12 . The criteria for PDD includes two levels -probable and possible PDD. Possible PDD is differentiated from probable PDD by the presence of less typical PDD cognitive impairment features (that is, language or pure amnestic symptoms) or factors that make the diagnosis of PDD uncertain (that is, cerebrovascular co-morbidity or an unknown motor deficit-dementia interval).
Verbal memory
Short-term memory for words and verbal information that is partially mediated by language function (for example, memory for words tested through a list-learning task).
Transmission
The spread of a pathological protein in an altered conformation (for example, PrP Sc ) between neurons within an individual; transmission does not necessarily imply that the disease protein is infectious (that is, it can be spread between individuals).
of the Ala53Thr mutant variant of α-syn in transgenic animals 30, 31 led to the formation of α-syn immunoreactive deposits that resembled Lewy body and neuritic pathology as well as a cognitive and motor clinical phenotype and reduced survival time. Furthermore, suppression of Ala53Thr α-syn expression resulted in decreases in neuropathology and clinical symptoms 31 (see below for further discussion of the role of fibrillized α-syn in the progression of PD and REF. 32 for a comprehensive review of murine models of PD).
A detailed neuropathological examination of a large number of PD and control cases by Braak and colleagues 33,34 revealed a stereotypical caudal-to-rostral ascending progression of α-syn pathology from brainstem structures in early stages of the disease to limbic and neocortical areas in the later stages. Staging systems of α-syn pathology based on these observations have been proposed for PD 33 and DLB 16 . These hypothetical systems are supported by some independent studies [35] [36] [37] , although not all studies demonstrate a similar topography of disease spread 37, 38 , and α-syn staging may be more applicable to patients with younger-onset PD 6 . Indeed, up to 30% of elderly patients with α-syn pathology at autopsy show no clinical signs of dementia or a movement disorder, thereby prompting such cases to be termed incidental Lewy body disease (ILBD) 34,36,39-42 . These observations have led some researchers to infer that α-syn pathology may be neuroprotective rather than a cause of neuronal cell death 37, 43 . In addition, quantitative studies of Lewy bodies and Lewy neurites suggest a dissociation between α-syn pathology and neuron loss in PD 44, 45 . The explanation for this discrepancy is unclear. It is possible that individuals with ILBD could be in a prodromal state of PD in which the level of α-syn pathology does not cross the threshold to manifest clinical symptoms 46 , and that they would develop full blown PD if they survived for a longer period 34 . This would be consistent with findings showing that the locations of most incidental α-syn pathology match the areas affected in early stages of PD 34, 36 . α-syn pathology is also found in up to 50% of patients with AD and has a distribution that is largely restricted to the amygdala in many cases 35, 36, 39, [47] [48] [49] . The amygdala seems to be exceptionally vulnerable to other neurodegenerative inclusions, such as tau and TAR DNA-binding protein 43 (TDP43) inclusions, and 'amygdala-only' (REF. 50 ) patterns of α-syn pathology in AD cases may reflect a separate disease process from the pathogenic spread of these inclusions in PD and DLB, as has been proposed by Braak and colleagues 35, 49 (for a detailed review of the Braak staging system and proposed revisions to this system, see REFS 43, 51) .
Despite the exceptions discussed above to the staging systems proposed by Braak and colleagues, the stereotypical non-random progression of α-syn pathology in most patients with PD suggests that α-syn undergoes cell-to-cell transmission within individuals. In addition, α-syn pathology discovered in fetal dopaminergic neurons that were implanted in patients with PD [52] [53] [54] as well as recent in vitro cell studies 55, 56 and in vivo animal studies 57, 58 indicate that pathogenic α-syn can transfer between cells, leading to neurodegeneration. These and other transmission studies [59] [60] [61] [62] are reviewed in depth elsewhere 63, 64 , and FIG. 1 summarizes the proposed mechanisms by which the aggregation and spread of α-syn leads to deleterious consequences for the affected neurons 65 . The evidence for α-syn transmission in synucleinopathies prompts speculation that PD and other neurodegenerative proteinopathies could spread between individuals in a similar way to the spread of pathological prion proteins in human transmissible spongiform encephalopathies, but there is currently no definitive evidence of human-to-human transmission of clinical PD 66 
.
The data reviewed here -including recent transmission studies showing that injections of synthetic α-syn pre-formed fibrils into the dorsal striatum are followed first by Lewy body formation in the substantia nigra pars compacta and then later by neuron loss 57, 58 -suggest that α-syn misfolding and aggregation within substantia nigra neurons result in neuron loss and the clinical syndrome of idiopathic PD. Although the exact pathogenic species of α-syn (for example, dimers, oligomers, protofibrils or fibrils) that are neurotoxic and that can spread from neuron to neuron are not yet known, α-syn pathologies are likely to be the proximal cause of neuron dysfunction and death in the cortex of patients with PDD, as discussed in more detail below.
Neuropathology underlying PDD Clinicopathological correlations in PDD. The neuropathology underlying PDD is heterogeneous in nature (FIG. 2) and has been challenging to discern, with several factors making it difficult to conduct accurate clinicopathological correlation studies for this condition. First, human post-mortem studies are limited to visualization of neuropathology at the time of death, which may occur from one of many potential non-neurological aetiologies and precede end-stage PD as well as the full progression of its neuropathology. Although patients with PDD may have been followed longitudinally, autopsy data are by definition cross-sectional in nature, which makes it difficult to directly correlate such data with antecedent clinical deficits that manifest years before death. Second, interpretations of the neuropathological substrates of cognitive status in PD are limited by the accuracy of clinical diagnosis and by the ability to perform adequate follow-up studies in the end stages of disease 2 . There also may be several years between a patient's last clinic visit and autopsy because the reduced mobility of patients with end-stage PD renders office visits infeasible, and thus large numbers of well-annotated cases are needed to make meaningful observations. Last, criteria for neuropathological diagnoses have evolved over time, and advanced immunochemical techniques have revealed higher burdens of cortical α-syn pathology in cases of PDD than were previously recognized 67, 68 . Thus, for these reasons, there has been considerable variation in results from earlier clinicopathological studies, as reviewed elsewhere 69 . In general, cortical Lewy body and neuritic pathology is more extensive and severe in PDD than in PD without dementia, and several lines of evidence from studies using α-syn immunohistochemistry implicate cortical Nature Reviews | Neuroscience 
Amyloid fibrils
Insoluble filamentous structures composed of polymerized protein monomers with notable β-sheet conformation, which can be detected with amyloid-binding dyes (for example, thioflavin S).
Cognitive reserve
This refers to the notion of relative resistance to clinical symptoms of neurodegeneration and other CNS insults that is thought to be mediated by neuroplasticity or an ability to recruit additional brain networks to compensate for the disease state; such plasticity may be influenced by education or other environmental or genetic factors.
α-syn pathology as the strongest correlate of dementia in PDD. First, most large studies have found that PDD cases are almost exclusively of the limbic-predominant stage (transitional) or neocortical-predominant stage 16 (diffuse) of α-syn pathology 3,21,69-72 and have higher levels of cortical α-syn pathology than do cases of PD 4, 67, [69] [70] [71] [72] [73] [74] . Indeed, many studies find that the level of global cortical and limbic α-syn pathology can be used to discriminate between PD and PDD 21, 69, 70 . However, some studies suggest that increased levels of α-syn pathology in PDD in specific brain regions, including the parahippocampal gyrus 74, 75 or anterior cingulate gyrus, can be used to differentiate this condition from PD 75, 76 . Second, strong correlations of diminishing performance on several cognitive measures with advancing α-syn pathology stages or increasing cortical α-syn pathology burden with have been described 3, 21, 38, 75, 76 . Last, multivariate regression analyses that included multiple neuropathological and genetic variables implicated in PDD found that the burden of cortical and limbic Lewy bodies and neurites was the strongest correlate of dementia in a large, wellannotated cohort of patients with PD or PDD 70 . Despite these observations, some non-demented individuals with PD 21,67,74 and some patients with ILBD 37,40 have a marked burden of cortical and limbic α-syn pathology. Furthermore, a minority of patients with PDD were found to have minimal cortical α-syn pathology at autopsy 15, 21, 67, 70, 77 . These findings suggest that cortical and limbic α-syn pathology is not exclusively required for the development of dementia in PD. Thus, the presence of cortical α-syn pathology at autopsy should be correlated with clinical information on the subject's cognitive status before death for the neuropathological diagnosis of PDD. These discrepancies might be explained by methodological difficulties in ascertainment of clinical symptoms across studies and/or by cognitive reserve, brain plasticity or other factors that could make some individuals more resistant to the detrimental effects of α-syn pathology, but further research is needed to clarify these issues.
Dementia in patients with PD who have limited cortical and limbic α-syn pathology could also result from subcortical involvement or the presence of co-morbid neuropathologies. Cholinergic deficits occur in patients with PDD 78, 79 , with highest loss in those with the longest duration of parkinsonism before dementia and who also have the lowest cortical and limbic Lewy body and neuritic burden 78 . These neurochemical changes have been ascribed to neuronal loss in basal forebrain cholinergic nuclei 79, 80 . Of note, neuronal loss in these regions Under physiological conditions, α-synuclein (α-syn) exists in a soluble random coil state. Under pathological conditions, however, the native protein undergoes misfolding into pathogenic species of α-syn (dimers, trimers and oligomers) that further aggregate into higher-order structures (protofibrils, other intermediates and amyloid fibrils). Ultimately, these higher-order structures are the building blocks for the pathological inclusions of α-syn -that is, Lewy bodies and Lewy neuritesthat are visualized under light microscopy at autopsy 65 . Genetic abnormalities and environmental factors may accelerate this process [26] [27] [28] 65, 114, 116 . Normal quality-control systems (chaperones, ubiquitin proteosomes and phagosome-lysosome systems) that prevent or reverse protein misfolding or eliminate misfolded proteins are overwhelmed by oligomeric species of α-syn (indicated by dashed lines) 65 . Remarkably, recent data suggest that the progression of PD and related disorders may be linked to the cell-to-cell spread of pathological species of α-syn [56] [57] [58] 63 . α-syn transmission is thought to have various, inter-related toxic consequences 65 . It is unclear which species of pathogenic α-syn is directly toxic to neurons; however, recent animal studies show that synthetic α-syn fibrils alone are sufficient to transmit disease (that is, α-syn pathology) between neurons and cause clinical disease 57, 58 . UPS, ubiquitin proteasome system.
Cerebrovascular disease
(CVD). Damage to intracerebral blood vessels from atherosclerosis and lipohyalinosis, which are caused by systemic cardiovascular risk factors (for example, hypertension, diabetes and hyperlipidaemia) and result in ischaemic damage to the brain parenchyma (for example, lacunar infarcts).
is associated with the transition of α-syn pathology into limbic and neocortical regions 21, 69 . Moreover, it has been found that the burden of α-syn pathology 68, 72 and diffuse amyloid-β (Aβ) plaques (a feature of AD) 81 in the striatum is higher in PDD than in PD without dementia, and this striatal pathology has been considered to be a possible substrate for cognitive impairment. Indeed, a study of 92 patients with PDD found 4 individuals with minimal cortical Lewy pathology, and these cases all had notable cerebrovascular disease (CVD) or featured subcortical Lewy pathology, which could have explained the cognitive deficits 70 .
Despite the central role of α-syn pathology in PDD, some studies have also found that the levels of Aβ plaques and tau neurofibrillary tangles (NFTs) -the hallmark pathologies of AD -inversely correlate with cognitive status in cases of PDD 71, 73, 75, 82, 83 or in a subset of patients with this condition 70, 76 (FIG. 2) . Indeed, two studies have shown that AD neuropathology seems to be a more specific correlate of dementia in PD than α-syn pathology, as the majority of PD patients with sufficient numbers of NFTs and Aβ plaques for a diagnosis of co-morbid AD have clinical dementia and hence could be assigned a diagnosis of PDD plus AD (PDD+AD) 70, 71 . One of these studies found, however, that a regression model incorporating cortical α-syn, tau and Aβ pathologies together more accurately predicted dementia than any single marker alone 71 . Similarly, the other study found that a regression model that considered the apolipoprotein E (APOE) ε4 genotype status alongside cortical α-syn pathology improved the diagnostic accuracy for PDD compared with a model in which only the severity of cortical α-syn pathology was considered 70 . Interestingly, the association of the APOE ε4 genotype with PDD was independent of measures of AD neuropathology 70 . Overall, patients with PDD tend to have a higher cortical Aβ plaque burden 4, 21, [69] [70] [71] [72] [73] 84 and, to a lesser degree, a higher NFT burden 4, [70] [71] [72] [73] 82 than patients with PD without dementia. The percentage of patients with PDD who have levels of NFTs and plaques that meet the threshold for a second diagnosis of AD varies between studies and depends on the criteria used; however, up to 50% of patients with PDD may have co-morbid AD (that is, PDD+AD) 39, 70, 76, 82, 85, 86 . Thus, AD neuropathology, especially Aβ plaque pathology, appears to have an important role in the pathogenesis of PDD for a significant proportion of patients.
Interestingly, patients with PDD+AD seem to have higher levels of cortical and limbic α-syn pathology than patients with PDD without co-morbid AD 70, 77 , and increased severity of cortical Aβ plaque and NFT burden is associated with increased cortical α-syn pathology density 70, 71, 74, 76, 82, 87 . These data imply a potential synergy between α-syn pathology and AD-related pathology. In support of this assertion, transgenic mice overexpressing human wild-type α-syn 88 or human Ala53Thr mutant α-syn 89 with human mutant forms of tau 89 and/or the amyloid precursor protein (which leads to an increase in Aβ production) 88, 89 show greater neurodegenerative pathology and a more severe clinical phenotype than do mice overexpressing AD-associated proteins alone. In addition, patients with PD who carry the pathogenic Ala53Thr SNCA mutation exhibit marked tau pathology 90 , and in vitro experiments show that tau and α-syn can each cross-seed and enhance each other's polymerization into fibrils 91, 92 . This putative additive effect of α-syn pathology, Aβ plaques and NFTs could potentially influence the clinical features of PDD. Indeed, patients with PDD+AD may have a shorter disease duration than those with PDD 39, 70, 82, 83, 86 , and PDD+AD is also associated with an older age-at-onset of motor symptoms 70, 83, 86 . In addition, a higher Aβ plaque burden alone has been associated with shortened survival times in patients with PD 6, 71, 84, 93 and an older age of PD onset 6, 71 . Thus, the presence of AD neuropathology in patients with PD could lead to an older age-of-onset PD subtype that has a more malignant course 6, 71 . These prognostic findings for PDD+AD have important implications for patient care and emphasize the need for reliable biomarkers of the underlying neuropathology in PDD.
Box 2 | The transmission of α-syn and proteinaceous infectious particles
The evidence for neuron-to-neuron transmission of α-synuclein (α-syn) suggests that this protein has similar properties to the proteinaceous infectious particle pathogenic prion protein (PrP Sc ) 154 , the causative agent of infectious spongiform encephalopathies 64 . Iatrogenic forms of these disorders arise from exposure of individuals to PrP Sc -containing CNS tissue from patients with prion disease. PrP Sc causes the templating and protein misfolding of the native prion protein (PrP C ), and these aggregations spread throughout the brain, resulting in neurodegeneration. Several lines of evidence draw similarities between the spread of pathogenic α-syn and pathogenic prions. Notably, the non-random pattern that α-syn pathology formation follows in Parkinson's disease (PD) 33 suggests that misfolded α-syn could spread between neurons within an individual. Furthermore, indirect evidence for the transmission of pathological α-syn in humans comes from studies in which Lewy bodies were detected in grafted fetal mesencephalic cells in the striatum of a subset of patients with PD who underwent experimental fetal graft treatment and survived for over 10 years [52] [53] [54] . This raises the possibility that the Lewy bodies in the grafted neurons resulted from the transmission of pathological α-syn from the host tissue to the grafted neurons; however, the formation of Lewy bodies in the grafted neurons may be explained by other factors that could have 'toxic' effects, such as the diseased local environment of the host striatum, leading to the emergence of α-syn pathology in the grafted neurons 63, 155 . Finally, several key animal and cell model studies have found experimental evidence of neuron-to-neuron transmission of pathogenic α-syn (reviewed in REFS 63, 64) . One major distinction between prions and non-prion neurodegenerative disease proteins (for example, pathological and toxic α-syn, tau and amyloid-β species) is that there is no current evidence to suggest that the latter can be transmitted between individuals, as is observed for prions. Indeed, there is a large body of negative evidence from US National Institutes of Health transmission studies examining inoculation of human non-prion neurodegenerative disease CNS tissue into non-human primates and other animals, including 71 transmission experiments using tissue from 24 patients with PDD, suggesting that these diseases are not clinically or pathologically transmissible between humans and non-human primates 156 , although modern immunohistochemical techniques were not used to detect α-syn and other non-prion neurodegenerative disease proteins during the pathological examination of these animals. A potential patient population that could provide evidence for human-to-human transmission of α-syn is individuals treated with cadaver-derived human growth hormone. These individuals were probably often exposed to pathological α-syn in the hypophysis of the donor tissue, but a systematic epidemiological evaluation of this patient cohort in the United States 66 found no evidence for the emergence of clinical Alzheimer's disease or PD in any of the treated individuals >20 years after this treatment programme was terminated in 1985. By contrast, it was discovered that PrP Sc could be transmitted between humans, as there was an outbreak of iatrogenic Creutzfeldt-Jacob disease that resulted from exposure to PrP Sc in cadaveric donor tissue-derived human growth hormone preparations A few other potential neuropathologies that contribute to PDD have been examined. One study found that argyrophilic grain disease was a common feature of PDD 94 ; however, it did not seem to correlate well with PDD in two large autopsy series 21, 70 . TDP43 inclusions, which are characteristic of frontotemporal lobar degeneration and amyotrophic lateral sclerosis, have also been found in limbic regions in a small number of patients with PD and PDD 95 , but they do not seem to influence the outcome of dementia in PD 70 . Finally, CVD, as defined by varying methods and criteria, has been described in a minority (roughly 10-15% or less) of individuals with PDD 2, 3, 70, 82, 85 , although the presence of cerebrovascular lesions (including AD-associated amyloid angiopathy) was reported in 94% of patients with PDD versus roughly 50% of individuals with PD in one cohort 73 . Thus, systematic evaluation of CVD with validated neuropathological criteria is needed in PDD, but overall CVD does not seem to contribute notably to dementia in most patients with PDD.
In summary, these data implicate the progression of Lewy body and neurite pathology from subcortical areas into limbic and cortical structures as the major driving force behind the development of dementia in most individuals with PDD, although there is notable heterogeneity in the underlying dementia-linked neuropathology of PDD.
Clinical subtypes of PD and DLB. In addition to the aforementioned clinical similarity between PDD and DLB, there is neuropathological continuity between these syndromes, as the level and distribution of the underlying α-syn pathology in both of these patient groups are often indistinguishable 36, 49, 74, 78, 82, 96, 97 , although some studies have suggested that DLB and PDD can be differentiated between on the basis of an increased number of striatal Aβ plaques in DLB 98, 99 . Dual pathology may contribute to the observed low diagnostic accuracy for clinical DLB 82, [100] [101] [102] : co-morbid AD neuropathology can hinder the diagnosis of DLB 100, 101, 103 , as the clinical features of DLB, such as hallucinations, fluctuations and executive impairments, are less prominent in cases of this disorder in which there are high levels of AD neuropathology 100, 101, 104 . These findings suggest that the clinical phenotype of disorders featuring Lewy body and neurite pathology could be masked in some cases by concomitant AD 14, 100 . Thus, the aetiology of the differing pattern of emergence of cognitive deficits across PDD and DLB is unclear but may be partly due to varying degrees of co-morbid AD neuropathology.
The effects of ageing 97 also seem to have a role in the expression of dementia in PDD and DLB. The lack of correlation between α-syn pathology and disease duration 38 and the variability of nigral neuronal cell loss in PD 45 suggest that there is considerable heterogeneity in the rate of disease progression in PD. Indeed, patients who develop PD at an early age have been shown to have a longer course of disease on average 6, 19, 105, 106 than patients who are older at onset. Those older patients with a shorter interval (<10 years) of PD before dementia onset tend to have a higher degree of both cortical and limbic α-syn pathology and AD pathology 6, 70, 71, 78 . In addition, the age-of-onset of PD itself does not incur a greater risk of dementia 20 but instead influences the interval to dementia 4 , as patients with early-onset PD (which is associated with a long PD-to-dementia interval) and patients with late-onset PD (which is associated with a short PD-to-dementia interval) have similar ages of dementia onset 4, 70, 78 . This may be partly related to the presence of AD neuropathology 6, 70, 71, 87 . Of note, the age of dementia onset in DLB and PDD is similar despite differences between the age-of-onset of motor features in these syndromes 2, 78 . Patients with PD can also be clinically subdivided according to differences in motor phenotypes. Individuals with prominent postural instability and gait disorder symptoms or a non-tremor-dominant presentation seem to have a shorter survival time and are more likely to develop dementia than those with a tremor-dominant presentation 3, 23, 83, 106 . A subset of rapidly progressive tremor-dominant patients with PD who do not develop dementia has also been described 106 . Furthermore, the emergence of the postural gait-instability phenotype in patients with an initial presentation of tremor-dominant PD was associated with an accelerated rate of cognitive decline 107 . In addition, autopsy data 106 , cerebrospinal fluid (CSF) biomarker data [108] [109] [110] and in vivo Aβ neuroimaging data 111 suggest that underlying AD Aβ pathology may be more common in non-tremor-dominant patients. Patients with a non-tremor-dominant phenotype have higher cortical and limbic Lewy body burden as well 106 . Interestingly, the non-tremor-dominant phenotype is reminiscent of the motor features of DLB 102 , and it is tempting to hypothesize that AD Aβ pathology contributes to the variable and overlapping natures of the clinical presentations of PDD and DLB. One caveat to this interpretation is the accelerated progression of cortical and limbic α-syn pathology without the influence of AD neuropathology that causes early dementia in 'pure' DLB: that is, DLB without marked co-morbid AD neuropathology. This observation is in contrast to the slow progression of cortical and limbic α-syn pathology in patients with PD who have a long PD-dementia interval and who, in most cases, are also thought to have a 'pure' synucleinopathy; that is, they have negligible AD neuropathology 6 . These findings suggest that a complex interaction of genetic and neuropathological factors result in the varying expression of clinical phenotypes across the Lewy body and neurite pathology spectrum
; thus, we feel that PDD and DLB are most accurately viewed as clinicopathological entities on one continuous spectrum of disease (that is, synulceinopathies). For a detailed review on the relationships between clinical subtypes across the PDD-DLB spectrum and underlying neuropathology, see REF. 112 . Further detailed longitudinal clinical and biomarker studies with autopsy confirmation are needed to elucidate the relationship between PDD and DLB. The data described above suggest that such studies may yield important prognostic and perhaps diagnostic information for PDD and DLB.
Genetic associations. Genetic factors may also play an important part in the expression of cognitive deficits in PDD and DLB. Indeed, some hereditary forms of PD have been associated with dementia, most notably those arising from a pathogenic mutation in or triplication of SNCA, or a mutation in β-glucocerebrosidase (GBA; also known as acid β-glucosidase) 26 . By contrast, mutations in leucine-rich repeat kinase 2 (LRRK2) and other less common genetic aetiologies of PD do not seem to be as strongly linked to PDD and DLB 26, 113 . Homozygous mutations in GBA result in the lysosomal storage disorder Gaucher's disease, whereas heterozygous mutations in this gene are associated with an increased risk of PD 114 or DLB 115 . Moreover, GBA-linked PD is associated with a higher risk of dementia and an earlier age of dementia onset than non-GBA-linked PD 116 . Recently, an international multicentre study found that individuals with DLB were more than eight times likely to harbour a GBA mutation than were controls, and these cases had a more aggressive disease course than patients with DLB who did not carry the mutation 117 . Furthermore, autopsy studies showed that GBA mutation-carrying patients with PD had higher levels of cortical and limbic α-syn pathology than non-carrier patients with PD 116 and that there was an increased rate of carriers in cases of 'pure' DLB compared with DLB cases with a high degree of AD neuropathology (DLB+AD) 115, 118 . Given that the protein encoded by GBA is functionally involved in lysosomal pathways, the findings described above suggest that mutations in GBA could contribute to increased α-syn deposition and influence the cortical spreading of α-syn pathology and the resultant dementia.
Genetic changes other than those linked to hereditary forms of PD have also been implicated in PDD. Indeed, the APOE ε4 allele has been extensively studied as a risk factor for AD and may confer an increased risk of dementia in PD 70, 119, 120 . However, no association was found between APOE ε4 carrier status and the rate of cognitive decline in a population-based longitudinally followed PD cohort, and a meta-analysis of previous studies revealed a potential influence of publication bias and heterogeneity in odds ratios as an alternative explanation for the association between APOE ε4 and dementia in PDD 121 . The presence of one or more copies of the APOE ε4 allele may affect cognition in the later stages of PD 119 , which could also explain the discrepancies mentioned above. Interestingly, APOE ε4 status is associated with both an increased number of Aβ plaques 87, 122 and a high cortical and limbic α-syn pathology burden in PD 42, 76, 120, 122 . Furthermore, in one study, the association between APOE ε4 status and cognitive impairment was lost after adjusting for CSF levels of the 42-amino-acid form of Aβ (Aβ ), suggesting that the observed influence of APOE ε4 on cognition in PD was mediated by associated AD neuropathological changes 123 . By contrast, as mentioned above, the APOE ε4 genotype was predictive of PDD, independently of AD-related pathology or α-syn pathology, in a multivariate analysis of a large PD-PDD autopsy cohort 70 . Finally, the APOE ε4 allele frequency was higher in 'pure' synucleinopathies than in cognitively normal elderly controls, but it was less Box 3 | Relationship between neuropathology and timing of dementia across the PDD-DLB spectrum 'Pure' synucleinopathies (that is, dementia with Lewy bodies (DLB) and Parkinson's disease dementia (PDD) with minimal co-morbid Alzheimer's disease (AD) neuropathology) and mixed pathology diagnoses (PDD plus AD and DLB plus AD) may have differing clinical and genetic phenotypes. PD without dementia is almost exclusively a pure synucleinopathy (that is, it occurs without co-morbid AD), and α-synuclein (α-syn) pathology is largely restricted to the brainstem 21, 70 . The presence of co-morbid AD neuropathology in PDD (PDD plus AD) predicts a shorter time to dementia and shorter disease duration 39, 70, 82, 83, 86 , and is associated with a higher cortical Lewy body and neurite burden 70, 77 . Patients who have PDD with a long PD-to-dementia onset interval are associated with a lower cortical Lewy body and neurite burden 3, 23, 78, 83, 106 . The postural and gait instability or non-tremor-dominant motor subtype is more associated with patients with PDD than with patients with a tremor-dominant phenotype 3, 23, 83, 106 . In addition, the non-tremor-dominant motor phenotype is associated with a higher cortical Lewy body and neurite burden 106 and biomarkers of amyloid-β neuropathology [108] [109] [110] [111] . Tremor is less prominent than gait instability and rigidity symptoms in DLB cases 102 . Typical DLB symptoms including hallucinations, fluctuations in cognition and prominent executive dysfunction are more common in 'pure' PDD and DLB 100, 101, 104 . The apolipoprotein E (APOE) ε4 genotype is most commonly reported as being associated with increased risk of PDD and DLB in cases with co-morbid AD 120 , whereas β-glucocerebrosidase (GBA) mutations are more associated with 'pure' PDD and DLB 115 . Pathogenic mutations and duplication or triplication of SNCA (which encodes α-syn) are associated with PDD and DLB 26, 113 . The H1/H1 haplotype in the gene encoding tau, MAPT, confers a risk of PD 125 and, in some studies, also PDD 8, 126 .
Tauopathies
A family of neurodegenerative disease proteinopathies that are characterized by inclusions composed primarily of the microtubule-associated protein tau.
frequent in these pure cases than in DLB+AD and AD cases 120 . Thus, the APOE ε4 genotype may contribute to neurodegeneration in PDD through pathways that are shared with and diverge from those involved in AD.
The gene that encodes tau, MAPT, contains two major haplotypes in humans: H1 and H2. The H1/H1 haplotype has been associated with an increased risk of some tauopathies that clinically resemble PD but lack α-syn pathology (for example, progressive supranuclear palsy) 124 . Interestingly, this variation in MAPT has been associated with PD as well 125 , and hence provides another link between α-syn and tau pathologies in PD. The cognitive phenotypes that are associated with the H1/H1 haplotype in PD have been less well studied, although one study found that this haplotype is associated with poor memory performance in PD (but does not influence cognitive decline) 119 , and two others found that the H1/H1 haplotype in PD is an independent predictor of PDD 8, 126 . In addition, the H1/H1 haplotype may have a synergistic effect on the risk of PDD when it occurs with a polymorphism in SNCA 126 . Furthermore, a polymorphism in MAPT may influence the degree of co-morbid AD pathology in PD, as shown by higher CSF levels of tau in a subgroup of PDD risk allele carriers with low CSF Aβ 1-42 levels 127 , further suggesting an influence of genetic factors on the variable expression of AD and α-syn pathology in PDD. By contrast, one large autopsy study found no association of the H1/H1 haplotype and PDD, as individuals with PD and patients with PDD had nearly the same proportion of H1 carriers 70 . The discrepancies outlined above may be due to differences in sample size or other poorly understood issues.
Further prospective studies of large cohorts of patients who meet the modern criteria for PDD (which can be later examined at autopsy) will help to confirm these observations and clarify the impact of genetic factors on the emergence of PDD. Therapeutic trial designs may benefit from taking account of genetic subgroups into their analyses.
Biomarker studies. Biofluid biomarkers with a strong predictive value for cognitive impairment in PD could be useful in clinical trials. Indeed, a recent biomarker exploratory study with an immune-based multiplex approach found that epidermal growth factor (EGF) plasma levels were lower in PDD than in PD and could predict progression from PD to PDD with 79% accuracy in a mixed PD-PDD cohort 128 . Furthermore, patients with PD who had the lowest EGF levels were at greater risk of developing PDD in longitudinal follow-up 128 . These findings were replicated in drug-naive, newly diagnosed patients with PD: here, EGF levels were inversely correlated with cognitive functions, including semantic fluency and executive function, at the 2-year follow-up 129 . Thus, these results suggest that EGF could be used as a biofluid biomarker for predicting cognitive decline in PD, although this possibility requires further validation.
CSF analytes are other biomarker candidates for PDD, as proteins characteristic of inclusions in neurodegenerative disease, such as tau and Aβ 1-42 , can be readily detected in CSF. Indeed, PDD was found to be associated with higher CSF levels of total tau (t-tau) 130 and phosphorylated tau (p-tau) 130, 131 than was PD, although these levels were not as high as in AD 131 . Patients with PDD have also been described as having lower levels of Aβ in CSF than those found in individuals with PD and intermediate to those in patients with AD and healthy controls 130, 132 . Furthermore, an ' AD CSF biomarker signature' (that is, increased levels of t-tau and decreased levels of Aβ ) was found in a higher percentage of PDD cases than PD cases 133 . In addition, low Aβ 1-42 levels in PDD were associated with poor performances on a memory task 132 and executive tasks 130, 134 . High t-tau levels in PDD were associated with a poor performance on a memory task 130 and, when combined in a ratio to Aβ 1-42 levels, with poor performances in executive tasks 134 . Finally, a prospective study found that low CSF Aβ levels that are indicative of AD predict cognitive decline in PD across several cognitive domains 123 . Thus, the levels of CSF tau and Aβ that are associated with cognitive decline may have predictive value for PDD and implicate AD neuropathology in cognitive decline in PD.
Immunoassays have been developed to detect forms of α-syn [135] [136] [137] and proteins involved in inflammatory and oxidative stress pathways 131, 138, 139 in CSF; however, the relationships between these potential biomarkers, PDD and cognitive status have not been systematically evaluated. Interestingly, drug-naive patients with early-stage PD without dementia have lower levels of CSF t-tau than do controls, and these low levels of tau correlate with lower CSF levels of α-syn 110 . Longitudinal data on CSF tau levels in PD are lacking, but one possibility is that CSF tau levels may increase over the course of the disease 140 and could predict incipient dementia, as indicated by the aforementioned associations between cognitive dysfunction and increased CSF tau levels in PDD.
Neuroimaging studies provide a non-invasive method for determining risk of dementia in PD and, possibly, identifying underlying neuropathology. A volumetric MRI study using a specialized algorithm to score an individual's ' AD-like pattern' of atrophy found that this spatial pattern of atrophy predicted cognitive decline in PD 141 . Nuclear imaging using positronemission scanning (PET) with a radioligand specific for Aβ deposition in the brain (Pittsburgh compound B (PIB)) provides in vivo evidence of AD neuropathology. Indeed, higher PIB retention, which reflects a higher burden of cortical Aβ plaques, corresponded to a higher likelihood that patients with PD would convert to a cognitively worse diagnosis (that is, PD to PD-MCI or PD-MCI to PDD) 142 and was associated with cognitive dysfunction 142, 143 . Finally, functional PET imaging with 2-deoxy-2-[
18 F] fluoro-d-glucose ( 18 F-FDG PET) showed that patients with PD who eventually progressed to PDD showed hypometabolism in the visual association and posterior cingulate cortex 144 . Multimodal analyses find that CSF measures of tau and Aβ are associated with structural changes on MRI scans in PD and PDD 140, 145 . Note that in addition to these predictive studies, numerous comparative neuroimaging studies have been conducted in PD and PDD, and these have been reviewed in detail in REFS 5, 113. Prospective multimodal studies of clinical, genetic, biochemical and neuroimaging biomarkers in initially drug-naive patients with PD, such as the Parkinson's Progression Marker Initiative (PPMI) 146 , are ongoing, and they will provide crucial insight into the dynamic changes that occur in these markers over time and their relationships with emerging dementia.
Therapeutic strategies and drug development
The current pharmacological strategy for the treatment of PDD includes augmenting neurotransmitter deficits, similar to AD treatment. Acetylcholinesterase inhibitors have been shown to improve cognition and improve the ability to perform activities of daily living in PDD 147 , with the largest body of supportive data for rivastigmine 148 . There is inconsistent evidence for the glutaminergic agent memantine having a beneficial effect in PDD, but further investigation is warranted 113, 148 . Increasing cholinergic tone with acetylcholinesterase inhibitors has the potential to worsen motor symptoms and, conversely, dopamine agonists used to treat motor symptoms may worsen cognition, complicating therapeutic options in PDD 113 . Furthermore, all of these agents do not target the underlying pathobiology of PDD and thus do not affect the progression of disease. The aforementioned studies on cell-to-cell transmission suggest that prevention of α-syn aggregation may help to arrest motor and cognitive difficulties in PD. Concepts of drug development for prevention of α-syn-mediated neurodegeneration are reviewed in detail elsewhere 149 but broadly include decreasing synthesis and aggregation of α-syn and promoting clearance of pathological inclusions. Furthermore, the role of tau and Aβ pathology in the development of cognitive deficits in PD suggests that emerging disease-modifying therapies for AD may be beneficial in a subset of PDD cases. Immune-based therapies targeting α-syn are one potential approach for disease-modifying therapies in PD and PDD 150 . Timing the initiation of potential disease-modifying therapies is also a critical issue, as it is unclear if halting the spread of α-syn aggregations in symptomatic patients with PD would affect cognitive and motor symptoms or if preventive strategies through treatment of at-risk individuals or early-onset patients would be more efficacious 150 . Thus, biomarkers of incipient cognitive decline and pre-motor PD would be instrumental in the implementation and evaluation of α-syn-directed therapies in a protective manner in highly susceptible patients.
Conclusions
Dementia in PD is a common occurrence and has a significant impact on patient well-being. Although most evidence suggests a role for α-syn pathology in the development of clinical symptoms in PD, including the expression of cognitive dysfunction, notable heterogeneity exists between cases of PDD in terms of symptomatology and timing of dementia. This highlights the fact that complex interactions between multiple factors -including age, genetics and cognitive reserve -contribute to the clinicopathological expression of symptoms in this condition. Furthermore, AD neuropathology appears to contribute to the emergence of dementia in PD and may indeed be the underlying basis for dementia in a subset of older patients with PD by acting synergistically with α-syn pathology to promote the spread of α-syn inclusions. These findings illustrate the need to consider PD, and all neurodegenerative diseases, as clinicopathological entities rather than purely clinical syndromes. Indeed, this view has emerged with new clinical and pathological criteria for AD 151, 152 that incorporate biomarker evidence of Aβ plaque and NFT pathology to support clinical criteria. This approach has the benefit of providing refined prognostic information for different PD subtypes and could be useful in the selection of homogenous patient populations to more effectively study possible diseasemodifying treatments. For example, patients with clinical phenotype and biomarker evidence of AD neuropathology may be predicted to have shorter disease duration and a more rapid time to dementia, and such patients could be administered Aβ-or tau-directed therapies as they are developed. Thus, coordinated efforts between researchers from multiple backgrounds to further elucidate these relationships, such as in the PPMI study, will be crucial for the advancement of meaningful disease-modifying treatments that could help to preserve patient independence and improve the quality of life in patients with PD.
